To evaluate skeletal changes in maxilla and its surrounding structures, changes in the maxillary dentition and maxillary alveolar bone changes produced by bonded rapid maxillary expansion (RME) using cone-beam computed tomography (CBCT). Materials and Methods: The sample consisted of 10 patients (6 males and 4 females) with age range 12 to 15 years treated with bonded RME. CBCT scans were performed at T1 (pretreatment) and at T2 (immediately after expansion) to evaluate the dental, skeletal, and alveolar bone changes. Results: RME treatment increased the overall skeletal parameters such as interorbital, zygomatic, nasal, and maxillary widths. Significant increases in buccal maxillary width was observed at first premolar, second premolar, and first molar level. There was a significant increase in arch width both on the palatal side and on the buccal side. Significant tipping of right and left maxillary first molars was seen. There were significant reductions in buccal bone plate thickness and increase in palatal bone plate thickness. Conclusions: Total expansion achieved with RME was a combination of dental, skeletal and alveolar bone changes. At the first molar level, 28.45% orthopedic, 16.03% alveolar bone bending, and 55.5% orthodontic changes were observed.
IntRoductIon
The transverse maxillary deficiency is characterized by narrow maxilla in relation to rest of craniofacial structures, narrow palatal vault and often presence of unilateral or bilateral posterior crossbite or dental crowding. Rapid maxillary expansion (RME) is the most common orthopedic procedure used to correct maxilla with the transverse discrepancy. Heavy orthopedic forces are used to separate two halves of maxilla at midpalatal suture. Along with the opening of midpalatal suture, RME has an effect on the entire oronasomaxillary complex.
Haas [1] demonstrated the effectiveness of rapid expansion of maxillary dental arch and documented skeletal changes in both vertical and anteroposterior dimensions. Since the time during which RME was popularized by Haas, [1] variations of original design have been created to treat transverse discrepancies.
Hyrax expander is hygienic and delivers force to maxilla only by means of appliance supporting teeth. It can either be banded or bonded. The bonded appliance has acrylic occlusal coverage that acts as posterior bite block and inhibits eruption of posterior teeth during expansion, hence can be used in individuals with vertical growth pattern. Thus, the appliance not only promotes expansion but also limits changes in vertical dimension while serving as functional appliance with intrusive forces against maxilla and mandible. [2] Spillane and McNamara [3] have been a pioneer in investigating the effects of rapid palatal expansion in mixed dentition using bonded expanders and showed that increased arch dimensions produced by early orthopedic expansion of maxilla are maintained at the end of transitional dentition.
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Most investigators [4] [5] [6] have analyzed dentoskeletal effects of RME through two-dimensional radiographic examination techniques which include lateral cephalograms and posterioanterior cephalograms They are a two-dimensional representation of three-dimensional (3D) object. Anatomical structures overlap and measurements are not real due to enlargement and distortion.
In recent years, cone-beam computed tomography (CBCT) has offered many solutions to the shortcomings of both traditional two-dimensional radiography and traditional computed tomography (CT) scan. The cone shaped beam allows much shorter imaging times and lower radiation exposure. [7] CBCT; a 3D imaging enables to capture and reproduction of real maxillary section in all 3 planes and hence allows measurement of axial inclinations of dentition, transverse dimensions and magnitude of displacement of maxillary halves free from distortion, magnification, and superimposition.
The purpose of this study was to evaluate 3D dental, skeletal, and alveolar bone changes produced by bonded RME on maxilla and its surrounding structures using CBCT.
MateRIals and Methods
The study was conducted on ten prospectively treated orthodontic patients in the department. Patients with skeletal age between 12 and 16 years and constricted maxillary arches were included in study. Patients with age above 16 years, periodontal disease, previous orthodontic treatment, and history of trauma were excluded from the study.
Out of 10 cases (6 males and 4 females, age -12-15 years), 4 had maxillary bilateral posterior crossbite, 5 had unilateral crossbite and one patient had maxillary arch constriction without any posterior crossbite. For all patients, bonded rapid maxillary expander, incorporating a hyrax screw (Leone Orthodontics and Implantology, Florence, Italy) was used as part of their comprehensive orthodontic treatment [ Figure 1 ].
Appliance fabrication and activation
A working cast was made by taking an alginate impression of maxillary arch. Wire framework made from 0.040 inches (18 Gauge) stainless steel was fabricated extending around buccal and palatal surfaces of posterior teeth. The hyrax screw was positioned in palate with the midline of screw aligned with palatal midline. The wire extentions (struts) of screw were adjusted to contact the palatal surface of the framework.
The acrylization was done covering occlusal, palatal and buccal surfaces of posterior teeth enclosing the wire framework within it. The acrylic on the buccal surface was kept 2-3 mm away from gingival margins to prevent inflammation of gingiva and promote oral hygiene. The appliance was cemented to posterior teeth using luting glass ionomer cement. The appliance screw was activated according to Timms activation schedule -2 quarter turns/day (0.2 mm/turn) until palatal cusp of maxillary first molar contacted buccal cusp of mandibular first molar. Average expansion time was 4-6 weeks for all patients. The same appliance was used for retention for at least 3 months post expansion.
CBCT scans were performed at T1 (pretreatment) and at T2 (immediately after expansion). CBCT scans were acquired with i-CAT Cone Beam 3D dental Imaging System (i-CAT Classic, Imaging Sciences International, Hatfield, PA, USA). The Dicom images were then imported to in vivo Dental 5.2 software (Anatomy Imaging Software, Anatomage, San Jose, CA, USA). In the study, field of view (FOV) was 16 cm × 13 cm (diameter × height). This was chosen because this FOV allowed the visualization of entire craniofacial region which helped in the assessment of changes produced by RME on entire craniofacial structures. The voxel size was 0.25 mm, scan time was 20 s and radiation dose was 68 uSv. All images were collected at 120 kVp and 5 mA based on manufacturers specifications.
Standardization (volume orientation) for skeletal changes in frontal view
The volume render tab created the three-dimensionally reconstructed view. Among different view options available in the toolbar, front view was selected which automatically oriented the volume, so the patient was facing the front. This was standardized for all the pretreatment and post treatment measurements for all patients.
Standardization (volume orientation) for three-dimensional reconstructed view of maxilla
Among the different view options available in the toolbar, bottom view was selected, which automatically oriented the volume to the inferior view. This was standardized for all the pretreatment and post treatment measurements for all patients.
Standardization of slices
The section view tab gave the ability to view X, Y, and Z sections (axial, coronal, sagittal). The sagittal, coronal and axial slices were superimposed on the furcation of first molar. Figure 5 . Alveolar bone changes in axial view were obtained at the level of first molar furcation [ Figure 6 ].
Measurements were done in coronal plane to assess the amount of orthopedic and dental changes at the level of first molar after RME therapy [ Figure 7 ].
The software used for the statistical analysis were Statistical Package for Social Sciences version 21.0 and Epi-Info version 3.0. (SPSS) Paired or dependent t-test was used for comparison of 2 mean values obtained from the same group or a pair of values obtained from the same sample.
Results RME was done in ten patients. Out of 10 cases (6 males and 4 females, age -12-15 years), 4 had maxillary bilateral posterior crossbite, 5 had unilateral crossbite, and one patient had maxillary arch constriction without any posterior crossbite. Hyrax expander was worn by all patients. The average expansion time was 4-6 weeks.
Pretreatment and post treatment (immediately after expansion) CBCT scans were evaluated for skeletal changes in maxilla and its surrounding structures, for changes in the maxillary dentition and for maxillary alveolar bone changes.
The interorbital width, zygomatic width, nasal cavity width, and maxillary width showed significant increase of 0.76 mm (P ≤ 0.05), 0.90 mm (P ≤ 0.01), 2.01 mm (P ≤ 0.001), and 3.08 mm (P ≤ 0.01), respectively [ Table 1 ].
Buccal maxillary width (BMW) at first premolar level, second premolar level and at first, molar level showed highly significant increase of 2.51 mm (P ≤ 0.01), 2.16 mm (P ≤ 0.01) and 2.3 mm (P ≤ 0.01), respectively. Palatal maxillary width at first premolar level, second premolar level, and at first molar level showed highly significant increase of 2.73 mm (P ≤ 0.01), 2.5 mm (P ≤ 0.01), and 1.88 mm (P ≤ 0.01), respectively [ Table 2 ].
Posterior nasal width increased by 1.49 mm, which was statistically highly significant (P ≤ 0.001). Left and right molar angulation increased significantly by 8.68° (P ≤ 0.001) and 6.03° (P ≤ 0.001), respectively [ Table 3 ].
Buccal intercanine width, buccal inter first premolar width, buccal inter second premolar width, and buccal inter first molar width showed significant increase of 2.45 mm (P ≤ 0.001), 4.47 mm (P ≤ 0.001), 4.89 mm (P ≤ 0.001), and 4.84 mm (P ≤ 0.001), respectively. Palatal intercanine width, palatal inter first premolar width, palatal inter second premolar width, and palatal inter first molar width showed significant increase of 2.20 mm (P ≤ 0.01), 4.82 mm (P ≤ 0.001), 5.2 mm (P ≤ 0.01), and 5.8 mm (P ≤ 0.001), respectively [ Table 4 ].
Buccal bone plate thickness (BBPT) of the left segment at inter first premolar, inter second premolar and at inter first molar level showed a significant decrease by 0.48 mm (P ≤ 0.001), 0.71 mm (P ≤ 0.01), and 0.32 mm (P ≤ 0.001), respectively. BBPT of the right segment at inter first premolar, inter second premolar and at inter first molar level showed a significant decrease by 0.37 mm (P ≤ 0.001), 0.80 mm (P ≤ 0.001) and 0.81 mm (P ≤ 0.001), respectively [ Table 5 ].
Palatal bone plate thickness of left segment (PBPT) at inter first premolar, inter second premolar and at inter first molar level showed a significant increase by 0.64 mm (P ≤ 0.001), 0.92 mm (P ≤ 0.01) and 0.76 mm (P ≤ 0.01), respectively. PBPT of the right segment at inter first premolar, inter second premolar and at inter first molar level showed a significant increase by 0.27 mm, (P ≤ 0.01), 0.83 mm (P ≤ 0.01) and 0.67 mm (P ≤ 0.01), respectively [ Table 5 ].
In the coronal plane, at the first molar level, the sutural expansion was found to be 1.42 mm, alveolar bone bending was found to be 0.8 mm, and molar tipping was found to be 2.77 mm. Overall RME produced 28.45% orthopedic, 16.03% Table 6 ].
dIscussIon
Most investigators have analyzed dentoskeletal effects of RME through two-dimensional radiographic examination techniques which include lateral cephalograms and posteroanterior (PA) cephalograms. Linear measurements made on frontal cephalograms are difficult due to distortion and associated magnification. Richardson [8] stated that on PA cephalograms, the bizygomatic widths are reproducible with only moderate degree of accuracy. The CBCT provides the visualization of 3D images of frontal view and 3D reconstruction of maxilla. Besides providing the 3D views, CBCT also has multiplanar reformatting function software which allows coronal, sagittal, and axial slices to be created from original images. This function of CBCT enables recording of changes produced by RME in maxilla slice by slice starting from incisor region up to molar region. Under optimum exposure conditions, the radiation dose of CBCT is less than one-fifteenth that of spiral CT and has a remarkable reproducibility of 0.1 mm voxel size. [9] CBCT imaging enables to capture and reproduction of a real maxillary section in all 3 planes which was the prime requirement of study. CBCT allows measurement of axial inclinations of dentition, changes in transverse dimensions, changes in alveolar bone morphology and magnitude of displacement of maxillary halves free from distortion, magnification, and superimposition. There are very few studies in literature where have evaluated the effects of RME, three-dimensionally, and this is the first study in India to assess the transverse skeletal and dental changes produced by RME using CBCT. And also, this is the first study in literature which has studied the skeletal effects of RME on frontal 3D reconstructed view.
Cross and McDonald, [10] Sari et al., [11] and Davidovitch et al. [6] reported a triangular pattern of expansion with greatest increase in maxillary width in their studies of RME therapy. This finding is consistent with findings of Haas, [12] who found that maxillary suture separated superoinferiorly in nonparallel manner in frontal plane. Results of present study correlate with above findings and confirm that skeletal expansion was not just limited to maxilla during RME but also to splitting of frontonasal, internasal, nasomaxillary, zygomaticotemporal, and zygomaticomaxillary sutures.
The posterior nasal cavity width increased significantly in this study, which is supported by findings of Haas, [13] who showed that nasal aperture could be significantly widened, thereby increasing nasal respiration. This skeletal increase in nasal cavity width might support the theory that maxillary expansion increases airflow and improves nasal breathing. Villa et al. [14] showed that RME is an efficient treatment in children suffering from obstructive sleep apnea. These results were in accordance with the results of a study by Ballanti et al., [15] Ribeiro et al., [16] and Garrett et al. [17] The buccal and palatal maxillary cortical width at first premolar increased, second premolar, and in the first molar increase was statistically significant. These findings are in accordance with the study by Garrett et al. [17] The changes in buccal maxillary cortical width and palatal maxillary cortical width obtained in the present study could be due to separation of midpalatal suture. The difference in expansion achieved at first premolar and first molar confirms previous reports where separation occurred in a triangular pattern with wider portion at the anterior portion of the maxilla. [13, 18, 19] The lack of opening of midpalatal suture in posterior region is due to the interlocking pyramidal processes of palatine bone with the immovable medial and lateral pterygoid plates of sphenoid bone. [20] There was significant angulation of right and left molar suggesting buccal crown tipping effect on first molars from RME. In addition to tipping tooth movement, alveolar bone tipping may have caused this increase. These results are in correlation with the results of the study done by Christie et al. [21] and Kiliç et al. [22] Buccal arch width and palatal arch width also increased significantly, which was the result of combination of dental and skeletal changes. This change in arch width was found to be maximum at the posterior region suggesting the tipping of molars and premolars. This could not be due to skeletal change as it was observed that skeletal changes were maximum at anterior region than posterior. Kartalian et al. [23] and Lamparski et al. [24] also found significant increase in intermolar width after RME therapy.
Periodontal stability of patients following expansion is a major concern for clinicians. 3D CBCT has improved the ability to assess buccal bone of maxillary posterior teeth. The accuracy of this method has been validated by Ising et al. [25] To assess whether RME produces any periodontal consequences, the buccal plate and palatal plate bone thickness were measured on axial slice obtained at level of first molar furcation. The BBPT of patient's right side and left side at first premolar, second premolar, and first molar in the present study decreased significantly while PBPT of corresponding teeth increased significantly. The results of this study are in accordance with the study by Garib et al., [26] who studied the periodontal effects of RME using Hass and Hyrax appliance. Similar results were reported by Pangrazio-Kulbersh et al., [27] Akyalcin et al., [28] and Baysal et al. [29] Measurements were done in coronal plane to assess the amount of orthopedic and dental changes at the level of first molar after RME therapy. The sutural expansion defined as the width of maxillary suture separation was found to be 1.42 mm at first molar level (28.45% orthopedic change). Buccal cortical plate expansion measured as the distance between buccal cortical plates increased by 2.2 mm. The additional expansion beyond that of sutural separation could be explained by tipping of alveolar ridges. Thus, alveolar bone bending was found to be 0.8 mm. (16.03%). Dentoalveolar expansion was measured as the distance between buccal cusps of right and left molar increased by 4.99 mm. The additional expansion beyond that of the sutural separation could be explained by the molar tipping (55.5% orthodontic changes). These findings are consistent with findings of Garrett et al., [17] who found 38% orthopedic, 13 % alveolar bone bending, and 49% orthodontic changes produced by RME at first molar level.
Along with desired orthopedic effect of midpalatal suture splitting, RME unavoidably elicits an orthodontic effect of buccal movement of posterior teeth. According to Starnbach et al., [30] force delivered by expander produces areas of compression on periodontal ligament of supporting teeth. Thereafter buccal alveolar plate resorption leads to tooth movement in the same direction. On the other hand, palatal plate shows bone deposition. Thus orthodontic effect of RME represented by posterior teeth buccal tipping may explain the changes produced in BBPT and PBPT in the present study. These measurements thus could be helpful in diagnosing ideal candidates for expansion. The ideal candidates are those who have sufficient buccal bone thickness before RME therapy. 
conclusIons
• RME treatment increased significantly the skeletal parameters such as interorbital, zygomatic, nasal and maxillary widths • BMW increased at first premolar, second premolar and first molar level confirming the opening of midpalatal suture • Tipping of right and left maxillary first molars were observed after RME therapy • There was significant increase in arch width both on the palatal side and on buccal side, which resulted from combination of dental and skeletal changes • Significant reductions of BBPT and increase in PBPT was observed suggesting alteration in alveolar bone morphology associated with buccal tipping effect of molars produced by RME • Total expansion achieved with RME was a combination of dental, skeletal and alveolar bone changes. At the first molar level, 28.45% orthopedic, 16.03% alveolar bone bending, and 55.5% orthodontic changes were observed.
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